This paper presents low-profile broadband antennas, which are composed of four parasitic patches placed between planar radiators and a perfect electric conductor ground plane. Two types of planar radiators, a conventional dipole and a crossed dipole, are employed to produce linearly polarized (LP) and circularly polarized (CP) radiations, respectively. The radiator and parasitic patches are realized on thin substrates to lower the cost. Owing to the presence of parasitic patches, the antenna performance improves in terms of profile reduction, resonant frequency decrease, and bandwidth enhancement. These improvements are discussed and confirmed computationally and experimentally. The LP design with the overall dimensions of 120 mm × 120 mm × 16.3 mm (0.64λ 0 × 0.64λ 0 × 0.087λ 0 at 1.6 GHz) has a |S 11 | < −10 dB bandwidth of 1.465-1.740 GHz (17.2%), a broadside gain of 8.5-8.8 dBi, and a radiation efficiency > 96%. The CP design, which has the same physical size as the LP case, has a |S 11 | < −10 dB bandwidth of 1.388-1.754 GHz (23.3%), a 3 dB AR (axial ratio) bandwidth of 1.450-1.685 GHz (15.0%), a right-hand CP broadside gain of 7.8-8.7 dBic, and a radiation efficiency > 90%.
Introduction
The dipole antenna, which has the simplest configuration, is the most widely used antenna in radio, broadcasting, and wireless communication systems. This antenna is commonly composed of two identical metallic elements, such as wires, rods, or printed strips, which are usually symmetrically arranged. In free-space, a dipole antenna exhibits an omnidirectional radiation pattern. In order to direct the electromagnetic energy in the desired direction and improve the gain, the dipole antenna is generally equipped with a metallic reflector. Since the image current of the dipole placed horizontally above a metallic reflector is different from the 180°w ith the current on the dipole, the antenna system requires an approximately λ/4 distance between the dipole and reflector for optimal performances. If the distance is reduced, the image currents on the metallic reflector tend to cancel out the radiation from the dipole, and consequently the antenna performance is degraded significantly.
Several methods have been proposed to improve the performance of dipoles that are very closely placed above a metallic ground. The first method is to modify the dipole itself to increase the radiation resistance for better impedance matching. As an example, a multiple arm-folded dipole antenna above a ground plane with a height of 0.02λ 0 achieves a voltage standing wave ratio (VSWR) < 3, a bandwidth of 2.2%, an efficiency of 97%, and a broadside gain of 8.7 dBi [1] . The second method is to place the dipole above an artificial surface [2] [3] [4] [5] [6] [7] [8] [9] [10] . These artificial structures, which are generally composed of a periodic array of metal patches on a grounded dielectric substrate with/without vias, have been designed to mimic a perfect magnetic conductor with a zero-phase shift at certain frequency bands and consequently enable the placement of a dipole having good impedance matching and radiation efficiency in close proximity. However, the artificial surface operating at a low frequency requires a thick substrate, which significantly increases not only the fabrication cost but also the volume of the antenna. Recently, a method of inserting a parasitic strip between the horizontal dipole above the ground plane at a low profile (0.05λ 0 ) [11] has been reported to achieve a good broadside radiation with a gain of 7.8 dBi and an efficiency of 74%.
However, its impedance matching bandwidth is very narrow; that is, 0.6%.
On the other hand, a single-feed crossed-dipole antenna is a common, modern antenna used to produce circularly polarized (CP) radiation [12] . CP radiation is obtained when the length of the dipoles satisfies the following conditions: the real parts of their input admittances are equal and the phase angles of their input admittances differ by 90° [13] . In free-space, a conventional crossed dipole produces bidirectional CP radiation in the broadside directions. In order to redirect a half of the radiation into the opposite direction, the crossed-dipole antennas are generally horizontally placed on a metallic reflector [14] . In addition, the operational bandwidth of conventional crossed dipoles can be broadened by loading parasitic elements [15, 16] or by using an enlarged dipole [17, 18] . However, the crossed-dipole antennas equipped with a metallic reflector suffers from a large profile, which is approximately λ/4. This problem has been overcome by using an artificial surface instead of the metallic reflector, see [12] and the references therein. Further, several studies have demonstrated that surface waves propagating on a finite artificial surface when excited generate extra CP radiation for the crossed-dipole antenna, which can be employed for extending the antenna bandwidth [19] [20] [21] . However, as mentioned earlier, the realization of an artificial surface for low-frequency applications has a high cost because an electrically thick substrate is required. This paper investigates low-cost, low-profile broadband antennas, which are composed of four parasitic patches inserted between planar radiators and a ground plane. Two types of antennas are investigated: the first one is a single-dipole antenna for LP radiation, and the other is a single-feed crossed-dipole antenna for CP radiation. The radiators and parasitic patches are implemented on thin substrates to lower the fabrication cost. Owing to the presence of the parasitic patches, the antenna achieves profile reduction, shifting resonance toward the lower frequency and broadening the bandwidth. These advantages were first computationally determined using the frequency domain ANSYS/ANSOFT high-frequency structure simulator (HFSS) and subsequently confirmed experimentally.
Single-Dipole Antenna Loaded with Parasitic Patches
2.1. Antenna Geometry. Figure 1 shows the geometry of a single-dipole antenna loaded with parasitic patches. The antenna comprises a center-fed printed dipole, four parasitic 
Antenna Miniaturization and Bandwidth Improvement.
As mentioned earlier, the parasitic patches are placed between the horizontal dipole and the ground plane in order to achieve profile miniaturization and bandwidth improvement. This is demonstrated in Figure 2 , which shows the simulated input impedances and |S 11 | values of the single-dipole antenna in different configurations. The first configuration is the single-dipole antenna without parasitic patches, which is placed above the ground plane at a height of H = 43 6 mm (approximate 0.25λ at 1.75 GHz). For the second configuration, the height of the first configuration (43.6 mm) is reduced to H = 16 3 mm (approximate 0.095λ at 1.75 GHz). The third configuration is the proposed design with the parasitic patches between the dipole antenna and the ground As shown in Figures 2(a) and 2(b), the first configuration resonated at 1.79 GHz with an input resistance of 71.8 Ω, whereas the second configuration yielded an input resistance of 15.1 Ω at its resonant frequency of 1.775 GHz. It is observed that the minimized profile of the antenna is accompanied by a significant reduction in the input resistance. Therefore, the second configuration does not match well with the standard input impedance of 50 Ω. As considered to their |S 11 | profiles in Figure 2 (c), the first configuration yielded a |S 11 | < −10 dB bandwidth of 1.66-1.87 GHz (11.9%) with one minimum point at 1.75 GHz, whereas the second configuration yielded a minimum |S 11 | of −5.84 dB at 1.815 GHz. The proposed design yielded two resonant frequencies at 1.525 GHz and 1.72 GHz with input resistances of 46.4 Ω and 30.9 Ω, respectively. It is observed that the resonant frequencies of the proposed antenna are lower than those of other configurations. Furthermore, the antenna can be readily matched to the 50 Ω source directly at both resonant frequencies. As shown in Figure 2 (c), the proposed design with an overall size of 120 mm × 120 mm × 16.3 mm (0.64λ o × 0.64λ o × 0.087λ o at 1.6 GHz) yielded a |S 11 | < −10 dB bandwidth of 1.465-1.740 GHz (17.2%) with two minimum points at 1.535 GHz and 1.66 GHz. As compared to the conventional design (the first configuration), the proposed antenna has a lower profile, a lower operating frequency, and a broader bandwidth. As a result, the presence of the parasitic patches produces antenna miniaturization and operational bandwidth improvement for the horizontal dipole antenna above the ground plane and close to it.
The radiation performance of the single dipole loaded with parasitic patches was characterized and is shown in Figure 3 . Owing to the use of the single-dipole radiator, the antenna radiated an LP electromagnetic wave; it generated a good broadside radiation with a symmetric profile, small gain variation, and a high front-to-back ratio. For example, at 1.6 GHz, it produced a broadside gain of 8.77 dBi, half-power beamwidths (HPBWs) of 62°and 74°i n the x-z and y-z planes, respectively, and a front-toback ratio of 13.72 dB. In addition, the HFSS simulations indicate that the antenna yielded a broadside gain of 8.5-8.8 dBi and a radiation efficiency > 96% across its operational bandwidth.
In order to qualitatively explain the antenna operation mechanism, the surface current distribution on the singledipole antenna loaded with parasitic patches was calculated and given in Figure 4 . It is observed that the presence of the parasitic patches changes the role of the dipole; that is, in the proposed structure, the dipole acts not only as the radiating element but also as the antenna feeder to the vertical slot that also acts as the radiating element. In addition, the currents at the horizontal edges of the parasitic patches are out of phase with the current on the dipole. This confirms that the patches change the phase of the electric field between the dipole and the reflector, consequently minimizing their mutual coupling.
In [11] , the insertion of a straight parasitic strip between the dipole and the reflector produced two resonances for the antenna system. However, at its first resonance, the antenna does not match to the 50 Ω source due to the 3 Ω input resistance. Different from [11] , the proposed antenna employed four parasitic patches inserted between the dipole and the reflector to increase the input resistance at the first resonance, consequently allowing for the antenna to nearly completely match to the 50 Ω source at both resonant frequencies. Accordingly, the antenna bandwidth is improved. 
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This has been demonstrated in Figure 2 and discussed in the previous section. In order to clarify the features of the proposed antenna, a performance comparison between the low-profile dipole antennas based on parasitic elements has been carried out and is provided in Table 1 . It is observed that both antennas yielded a low profile of <0.1λ, but the proposed design has a significantly wider |S 11 | < −10 dB impedance bandwidth, higher gain, and better radiation efficiency.
Parametric Studies.
For better understanding of the radiation mechanism of the single-dipole antenna loaded with parasitic patches, we carried out parametric studies for some key parameters of the structure; that is, its input impedance was examined by changing only one parameter at a time and fixing all other design parameters. Figure 5 shows the input impedance of the antenna for different radii of the parasitic patches (R p ). As R p increased, the length of the slot between the patches was increased. Accordingly, the resonances of the antenna shifted toward the lower frequency. This indicates that the size of the parasitic patch (R p ) is a crucial design parameter for determining the operating frequency of the antenna.
As revealed in the previous section, the horizontal slot between parasitic patches acts as the primary radiating element of the antenna. Similar to a slotted antenna, the slot width mainly affects the input impedance. This is observed in Figure 6 , which shows the input impedance and |S11| values of the antenna for different spacing between parasitic patches (gap). As shown in Figure 6 (a), both input resistance and reactance are proportional to the spacing (gap). Accordingly, the impedance matching can be obtained by adjusting gap, as shown in Figure 6(b) .
As shown in Figure 7 , by varying distance between the parasitic patches and the ground plane from H f = 10 mm to 15.4 mm, the antenna profile increased. Therefore, the resonances shifted toward the lower frequency. On the other word, with H f increasing, the input resistance and input reactance of the antenna decreased, which degraded the impedance matching. The H f = 12 7 mm was chosen for the final design based on the trade-off between the antenna minimization and the good impedance matching.
As mentioned above, the single dipole in the proposed configuration acts as the antenna feed; therefore, the design parameters and position of the dipole hardly affect the antenna resonances. This is demonstrated in Figures 8 and  9 , which show the input impedance and |S 11 | values of the antenna for different lengths of the dipole arm (L d ) and spacing (H a ) between the dipole radiator and the parasitic patches. As shown in Figure 8 , with an increase of L d , the input reactance of the antenna increased significantly, whereas its input resistance and resonant varied minimally. In Figure 9 , by increasing H a = 1 mm to 3 mm, the input resistance and resonant frequencies of the antenna slightly changed, whereas its input reactance decreased significantly. These results indicate that L d and H a are the crucial parameters of impedance matching for the proposed antenna.
Crossed-Dipole Antenna Loaded with Parasitic Patches
The previous section has demonstrated that the parasitic patches produce a profile reduction and an operational bandwidth improvement for a low-profile LP antenna composed of a horizontal dipole antenna placed above the ground plane and close to it. In this section, these features are further validated for a CP antenna by utilizing a single-feed crossed-dipole instead of the horizontal dipole. λ is the free-space wavelength referring to the center frequency. Figure 10 shows the geometry of a crossed-dipole antenna loaded with parasitic patches. The antenna comprises a single-feed crossed-dipole, four parasitic patches, a ground plane, two dielectric substrates, a coaxial line, and a 50 Ω subminiature version A (SMA) connector. The parasitic patches were printed on the top side of substrate 1. The crossed dipoles were built on both sides of substrate 2 and are directly fed by the 50 Ω coaxial line [12] . The crossed dipoles included double vacant quarter-printed rings to produce the CP radiation. The two substrates were made of Rogers RO4003 material (ε r = 3 38 and tanδ = 0.0027). Similar to the LP design, the parasitic patches of the CP antenna were formed by quartering a circular patch via two orthogonal slots. The crossed-dipole antenna loaded with parasitic patches was optimized with a series of the HFSS simulations to obtain a low profile, good impedance matching, and CP radiation at a frequency of 1.6 GHz. Its design 
Antenna Miniaturization and Bandwidth Improvement.
As mentioned earlier, the parasitic patches are placed between the crossed-dipole antenna and the ground plane to achieve antenna minimization and bandwidth improvement. This is proved in Figure 11 , which shows simulated performances of crossed-dipole antennas in different configurations, including three cases. First, the crossed-dipole antenna without parasitic patches is placed above the ground plane at a height of H = 43 6 mm (approximately 0.24λ at 1.65 GHz). In the second case, the height H = 43 6 mm of the first case is reduced to H = 16 3 mm (approximate 0.09λ at 1.65 GHz). The third case is the crossed-dipole antenna with parasitic patches and H = 16 3 mm (approximate 0.09λ at 1.65 GHz). The design parameters of all cases are the same as those of the antenna presented in Figure 10 . 
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As shown in Figure 11 , the first configuration with H = 0 24λ yielded the almost fully optimized results of a conventional crossed dipole; its |S 11 | < −10 dB bandwidth was 1.550-2.155 GHz (32.6%), and its 3-dB axial ratio (AR) bandwidth was 1.605-1.725 GHz (7.2%) with one CP center frequency at 1.66 GHz (AR = 0.83 dB). It is observed that the minimized profile of the antenna is accompanied by significant degradation in the antenna performance. The second configuration with H = 0 09λ did not match the 50 Ω coaxial line well, and therefore its |S 11 | < −10 dB bandwidth was 1.690-1.755 GHz (3.8%). In addition, the second case yielded zero 3 dB bandwidth with one CP center frequency at 1.785 GHz (AR = 12.0 dB). Owing to the presence of the parasitic patches, although the profile of H = 0 09λ remained at 1.65 GHz, the operational frequency of the crossed-dipole antenna shifted toward the lower frequency, and its operational bandwidth significantly improved. Here, the operational bandwidth is defined as the frequency range where the antenna yields a |S 11 | < −10 dB and AR < 3 dB. The design with parasitic patches yielded a |S 11 | < −10 dB bandwidth of 1.39-1.75 GHz (22.93%) and a 3 dB AR bandwidth of 1.472-1.684 GHz (13.4%) with two CP center frequencies at 1.52 GHz (AR = 1.6 dB) and 1.64 GHz (AR = 1.5 dB). These results indicate that the insertion of the parasitic patches between the crossed-dipole antenna and the ground plane produced antenna miniaturization and improved the 3 dB AR bandwidth.
3.3. Measurements. For verification, the crossed-dipole antenna loaded with parasitic patches was fabricated and measured. The crossed dipole and the parasitic patches were printed on Rogers RO4003 substrates with 0.017 μm copper thickness via a standard wet etching technology. Figure 12 shows a fabricated sample of the prototype, which has an overall size of 120 mm × 120 mm × 16.3 mm Sub. 1 (h 1 ) For ease of fabrication, we used thin tapes to fasten the components of the fabricated antenna. Figures 13 and 14 show a comparison between the measured and simulated results of the fabricated antenna. It is observed that the measurements agreed rather closely with the HFSS simulations. As shown in Figure 13(a) , the measured |S 11 | < −10 dB bandwidth was 1.388-1.754 GHz (23.3%), while the simulated value was 1.39-1.75 GHz (22.93%). As shown in Figure 13(b) , the measurement resulted in a 3 dB AR bandwidth was 1.450-1.685 GHz (15.0%), whereas the simulated 3 dB AR bandwidth was 1.472-1.684 GHz (13.4%). In addition, Figure 13(b) shows the measured and simulated broadside gains of the prototype. Within the 3 dB AR bandwidth, the measured broadside gain was 7.8-8.7 dBic compared to the simulated value of 8.43-8.83 dBic. There is a slight difference between the measurement and simulation results, which could be attributed the effects of the foams and thin tapes in the fabricated prototype (not included in the simulations). Figure 14 shows the radiation patterns of the fabricated antenna at 1.52 GHz and 1.64 GHz. Both measurement and simulation indicate that the antenna yields good right-hand CP radiation with a highly symmetric profile in both the x-z and y-z planes. At 1.52 GHz, the measurements resulted in a gain of 8.0 dBic, a front-to-back ratio of 15.0 dB, and HPBWs of 66°and 69°in the x-z and y-z planes, respectively. At 1.64 GHz, the measurements yielded a gain of 7.96 dBic, a front-to-back ratio of 13.0 dB, and HPBWs of 66°and 61°in the x-z and y-z planes, respectively. In addition, the measurement yielded a radiation efficiency > 90% compared to the simulated value of >96%. 
Conclusion
An alternative approach to improving the performance of a planar antenna placed horizontally above a metallic ground plane and close to it has been proposed. The antenna comprises four parasitic patches placed between planar radiators and a ground plane. The radiator and parasitic patches are realized on thin substrates in order to achieve a low cost. The parasitic patches produce profile reduction, a shift of the resonance toward a lower frequency, and a significant improvement in the antenna bandwidth. These improvements validate both LP and CP designs, which is computationally and experimentally proved by investigating two different types of planar antenna radiators, including single-dipole and single-feed crossed-dipole antennas, loaded with parasitic patches. Compared to the previous designs, the proposed approach makes it easier to implement a lowprofile design, as well as broaden the antenna bandwidth, in particular at low frequencies.
